Abstract: Organic Rankine cycle (ORC) is a reliable technology to recover low-grade heat sources. The radial-inflow turbine is a critical component, which has a significant influence on the overall efficiency of ORC system. This study investigates the effects of the blade installation angle and blade number on the flow performance of radial-inflow turbine stator. R245fa and toluene were selected as the working fluids in the low and high temperature range, respectively. Two-dimensional stator blades model for the two working fluids were established, and numerical simulation was conducted through Computational Fluid Dynamics (CFD) software. The results show that for low temperature working fluid R245fa, when the installation angle is 32 • and blade number is 22, the distribution of static pressure along the stator blade has no obvious pressure fluctuation, and the flow loss is least. Meanwhile, the stator blade obtained the optimal performance. For high temperature working fluid toluene, when the installation angle is 28 • and blade number is 32, the average outlet temperature is the lowest, while the average outlet velocity is the largest. The flow state is well and smooth, and the remarkable flow separation and shock wave are not present. Moreover, the stator blade for R245fa has a larger chord length, cascade inlet diameter, and cascade outside diameter but a lower blade number compared to toluene.
Introduction
Due to massive consumption of primary energy, the problems of energy shortage and environmental deterioration are prominent. Therefore, the recovery of low-grade heat sources such as solar energy, geothermal energy, biomass energy, and low temperature waste heat is imperative [1] [2] [3] . Among all existing technologies, organic Rankine cycle (ORC) has proven to be a viable alternative to convert low-grade heat source into electricity [4, 5] . Additionally, it has advantages of high reliability, small size, and low capital cost since it has the same configuration as conventional steam Rankine cycle [6] . ORC uses organic compounds with a low boiling point instead of water as working fluid. Therefore, a higher inlet pressure of the turbine can be obtained even for the low temperature heat sources [7] . However, the thermal efficiency of the ORC system is at a relatively low level due to the low operating temperature. The ORC expander is another factor limiting the system efficiency, thus a high-performance expander is significant to enhance the performance of the ORC system.
In order to achieve higher thermal efficiency, the initial parameters of organic working fluid at the turbine inlet are close to the critical point which is the called real-gas thermodynamic region. Therefore, the ideal gas law does not apply anymore, and an accurate thermodynamic model is required numerical simulation method. The existing semi-empirical formula for the stator velocity coefficient is modified to well capture the velocity coefficient considering the surface roughness. Harinck et al. [27] conducted a numerical study on the flow field of a high-expansion ratio radial-inflow turbine stator. A shock-induced separation bubble was found in the stator, which affected the flow velocity and angle along the stator outlet. In order to reduce the effects of shock wave in the stator channel, Pasquale et al. [28] developed an optimization loop coupling CFD solver with genetic algorithm. The results show that the optimized stator blades produced a shock-free expansion, reducing the total pressure losses significantly. Uusitalo et al. [29] designed a highly supersonic small scale ORC turbine stator considering the real gas effects of organic working fluids. The flow field in the stator was predicted using CFD software at design and off-design conditions. Oblique shock wave was found at stator blade trailing edge. To the best of the authors' knowledge, there are limited studies investigate the effects of the blade installation angle and blade number on the performance of radial-inflow turbine stator in detail, and little research compare the stators geometry parameters between low and high temperature. There is still room to be enhanced in this area.
In order to investigate the effects of the blade installation angle and blade number on the performance of radial-inflow turbine stator, and compare the difference of stators geometry parameters between low and high temperature. R245fa and toluene were selected as working fluids in the low and high temperature range, respectively. Two-dimensional stator blades model for the two working fluids were established, and numerical simulation was conducted through CFD software, respectively. Then, the effects of installation angle and number of blades on the performance of stator blade were investigated. The distribution of static pressure along the stator blade, flow loss, and outlet parameters were compared and analyzed. Moreover, the optimal installation angle and number of blades were selected for both working fluids. Finally, the geometric parameters of stator blades in low and high temperature ranges were compared.
Numerical Analysis Model and Method
Similar to axial flow turbines, the velocity distribution at each characteristic section of the radial-inflow turbine can be expressed by defining velocity triangles, as shown in Figure 1 .
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where s h  is the isentropic entropy drop of organic working fluid in the entire radial-inflow turbine. The peripheral efficiency of the radial-inflow turbine can be expressed as:
where ∆h s is the isentropic entropy drop of organic working fluid in the entire radial-inflow turbine.
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Thus, according to velocity triangles and the equations above, the peripheral efficiency calculation equation can be transformed into a dimensionless one [17] :
For the equation, it can be concluded that the peripheral efficiency of the radial-inflow turbine is the function of seven parameters: velocity ratio u 1 , degree of reaction Ω, stator blade velocity coefficient φ, rotor blade velocity coefficient ψ, ratio of wheel diameter D 2 , absolute velocity angle at the rotor inlet α 1 , and the relatively velocity angle at the rotor outlet β 2 . Among the seven parameters, the effect of velocity ratio and degree of reaction on the peripheral efficiency is largest, followed by absolute velocity angle at the rotor inlet and stator blade velocity coefficient that are related to the stator blade [25] .
Owing to the high molecular complexity, the relative sound speed of the organic working fluid is lower than the conventional working fluid, which commonly leads to supersonic flow in the radial-inflow turbine stator blade. Transonic cascade TC-4P (National Research University Moscow Power Engineering Institute, Moscow, Russia) is obtained on the basis of TC-2P (National Research University Moscow Power Engineering Institute, Moscow, Russia) through increasing the bending degree of the back-arc outlet profile and reducing the blade installation angle. This improved method enables the cascade TC-4P operation conditions to extend to the high Mach number region, especially for supersonic operation. Moreover, the oblique exit section of TC-4P is propitious to obtain supersonic flow. Therefore, transonic cascade TC-4P has satisfactory aerodynamic performance under the transonic conditions. Thus, TC-4P is adopted as the blade profile for the radial-inflow turbine stator in this paper. The relative coordinates for the TC-4P are shown in Table 1 . Absolute velocity angle at the rotor inlet α 1 is proportional to the stator blade installation angle α b which is determined more easily in the manufacture process for radial-inflow turbine. Figure 2 shows the relationship curves between the absolute velocity angle at the rotor inlet and the stator blade installation angle for TC-4P blade profile. Both blade installation angle and blade number of the stator have significant influence on the shape of flow path of stator blade, and the flow loss of the stator would be affected by both of them as well. In this paper, the effect of blade installation angle and blade number on the performance of stator is investigated. shows the relationship curves between the absolute velocity angle at the rotor inlet and the stator blade installation angle for TC-4P blade profile. Both blade installation angle and blade number of the stator have significant influence on the shape of flow path of stator blade, and the flow loss of the stator would be affected by both of them as well. In this paper, the effect of blade installation angle and blade number on the performance of stator is investigated. In this paper, the performance of radial-inflow turbine stator is evaluated by means of Ansys Fluent (17.0, Ansys, Pittsburgh, PA, USA).Since the organic working fluid gas is compressible and viscous, the relative pressure is set to zero and a density-based implicit solver is used. In order to improve the accuracy of the calculation, the transport equations are discretized adopting the AUSM (Advection Upstream Splitting Method) discrete scheme, and the other equations are discretized using the MUSCL (Monotonic Upwind Scheme for Conservation Laws) third-order scheme. Due to the high density and low kinetic viscosity, the Reynolds number is very large and the flow is turbulent. Since the k-ω based shear stress transport (SST) model considers the transport of turbulent shear stress in the definition of turbulent viscosity, it can accurately predict the flow separation under the adverse pressure gradient. Thus, the SST k-ω model is adopted in this paper and the k-ω transport equations are as follows:
The continuity equation is
The momentum equations are In this paper, the performance of radial-inflow turbine stator is evaluated by means of Ansys Fluent (17.0, Ansys, Pittsburgh, PA, USA). Since the organic working fluid gas is compressible and viscous, the relative pressure is set to zero and a density-based implicit solver is used. In order to improve the accuracy of the calculation, the transport equations are discretized adopting the AUSM (Advection Upstream Splitting Method) discrete scheme, and the other equations are discretized using the MUSCL (Monotonic Upwind Scheme for Conservation Laws) third-order scheme. Due to the high density and low kinetic viscosity, the Reynolds number is very large and the flow is turbulent. Since the k-ω based shear stress transport (SST) model considers the transport of turbulent shear stress in the definition of turbulent viscosity, it can accurately predict the flow separation under the adverse pressure gradient. Thus, the SST k-ω model is adopted in this paper and the k-ω transport equations are as follows:
The continuity equation is ∂ρ ∂t
The momentum equations are
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The energy equation is
In order to calculate the properties of organic working fluids in the CFD simulation, the PengRobinson Eos [30] is adopted, which is one of the mostutilized cubic equations model for real-gas in many engineering fields. This EoS provides reasonable accuracy in the calculation of organic working fluids properties especially near the critical point and the saturated vapor line. Based on siloxane MM, Dong et al. [9] compared the fluid properties calculated by the PR (Peng-Robinson Eos) equations and obtained from NIST database. The results show that the maximum difference is less than 4%, which indicates the feasibility of PR equations in CFD simulation. PR equations are presented as follows:
To complete the description of the real gas properties, the zero pressure specific heat capacity c p0 is also required. c p0 is determined by a fourth-order polynomial whose coefficients is calculated by curve fitting method based on NIST database [26] . Figure 3 shows the two-dimensional stator blades model. Unstructured adaptive mesh has the advantage of straightforward treating the domains of arbitrarily complex geometry. As such, unstructured adaptive mixed mesh is generated by the Ansys ICEM CFD software (17.0, Ansys, Pittsburgh, PA, USA). Boundary layer mesh was generated in the area near blade surface and the cascade trailing edge, as shown in Figure 4 . The grid quality is greater than 0.3. The computational mesh independence is conducted to minimize the error due to mesh spacing. Five different unstructured meshes were generated for the stator flow channel geometry, and the pressure at the throat of cascades was monitored to assess the mesh independence. The results show that the largest difference between the 4.0 × 10 4 cells and 4.5 × 10 4 is less than 0.1%, as shown in Figure 5 The inlet boundary conditions are set as the total pressure, total temperature, and 5% turbulence energy intensity. The flow direction at the inlet is assumed normal to the boundary. The static pressure is set to outlet boundary conditions. Adiabatic, smooth, and non-slip velocity boundary conditions are established for all passage walls. In order to avoid reverse flow, two extensions of the domain were placed in front of and behind the stator passage at a distance equivalent to approximately 25% of the stator chord. Since only one blade passage is simulated, periodic boundary conditions are applied for the stator.
Due to the lack of aerodynamic experimental data for transonic cascade TC-4P working with organic working fluids, the validation of the present 2D numerical simulation was made against the 1D thermal design. Taking R245fa as an example, Table 2 compares the results from the 1D thermal design and numerical 2D turbulent simulation. It is observed that the numerical simulation results are in relatively good agreement with the 1D thermal designs and the deviation of all the parameters Object The inlet boundary conditions are set as the total pressure, total temperature, and 5% turbulence energy intensity. The flow direction at the inlet is assumed normal to the boundary. The static pressure is set to outlet boundary conditions. Adiabatic, smooth, and non-slip velocity boundary conditions are established for all passage walls. In order to avoid reverse flow, two extensions of the domain were placed in front of and behind the stator passage at a distance equivalent to approximately 25% of the stator chord. Since only one blade passage is simulated, periodic boundary conditions are applied for the stator.
Due to the lack of aerodynamic experimental data for transonic cascade TC-4P working with organic working fluids, the validation of the present 2D numerical simulation was made against the 1D thermal design. Taking R245fa as an example, Table 2 The inlet boundary conditions are set as the total pressure, total temperature, and 5% turbulence energy intensity. The flow direction at the inlet is assumed normal to the boundary. The static pressure is set to outlet boundary conditions. Adiabatic, smooth, and non-slip velocity boundary conditions are established for all passage walls. In order to avoid reverse flow, two extensions of the domain were placed in front of and behind the stator passage at a distance equivalent to approximately 25% of the stator chord. Since only one blade passage is simulated, periodic boundary conditions are applied for the stator.
Due to the lack of aerodynamic experimental data for transonic cascade TC-4P working with organic working fluids, the validation of the present 2D numerical simulation was made against the 1D thermal design. Taking R245fa as an example, Table 2 compares the results from the 1D thermal design and numerical 2D turbulent simulation. It is observed that the numerical simulation results are in relatively good agreement with the 1D thermal designs and the deviation of all the parameters is controlled within 2.1%. Therefore, the proposed 2D CFD simulation method is feasible for the radial-inflow turbine stator. 
Results and Discussion
The blade installation angle and blade number are two key geometric parameters for the radial-inflow turbine stator. Both of them have influence on the shape of flow path of the stator blade, the pressure distribution along the stator blade, and the velocity and temperature at the outlet. In addition, the blade installation angle of the stator could affect the absolute velocity angle at the rotor inlet, which has a significant influence on the velocity triangles and stator velocity coefficient. In this paper, low and high temperature is assumed to be 353.15 K and 573.15 K, respectively. Correspondingly, R245fa and toluene were selected as working fluids. 2D stator blades model for the two working fluids were established. The influence of installation angle and number of blades on the flow performance of stator blade was investigated. In addition, the geometric parameters of stator blades for R245fa and toluene were also compared.
Low Temperature Working Fluid R245fa
In order to investigate the effect of blade installation angle, the blade number is assumed to be 22. Figures 6 and 7 show the static pressure distribution curves around the stator blade surface and nozzle losses in the design condition with different blade installation angle. The relative position of the static pressure curve is taken in the direction of the x-axis, and the study object is the blade with the coordinates given in Table 1 . The nozzle loss was calculated as follows: Figure 8 shows the static pressure distribution curves around the stator blade surface with different blade number when the blade installation angle is 32°. It can be observed that for the stator with different blade number, there exists a favorable pressure gradient along the pressure side in common. However, the pressure difference at the tailing edge of the stator blade for blade number 18 is larger than that for the other two blade numbers, which means a higher blade loading for the Figure 8 shows the static pressure distribution curves around the stator blade surface with different blade number when the blade installation angle is 32°. It can be observed that for the stator with different blade number, there exists a favorable pressure gradient along the pressure side in common. However, the pressure difference at the tailing edge of the stator blade for blade number 18 is larger than that for the other two blade numbers, which means a higher blade loading for the In Figure 6 , the static pressure distribution curves around the stator blade surface have a similar variation trend. It can be seen that the there is a favorable pressure gradient along the pressure side, and a large pressure difference exists at the tailing edge of stator blade, in other words, the relatively high blade loading region is located at the trailing edge. An obvious pressure fluctuation appears around the streamwise region 0.75-0.85 on the suction side of stator blade, which means that there exists overexpansion of the organic working fluids. Flow in adverse pressure gradient and flow separation is presented around this region, and a shock wave also appears due to the pressure fluctuation, which would significantly deteriorate the radial-inflow turbine performance.
The presence of shock wave will cause the drastic variation in the flow parameters distribution along the stator blade, and the reduction of velocity coefficient of the stator simultaneously, then the overall turbine efficiency decreases as a result. As shown in Figure 6 , the pressure fluctuation for the blade installation angles of 28 • and 36 • is more violent than that for blade installation angle 32 • . When the installation angle is 32 • , the adverse pressure gradient is substantially zero. The shock wave intensity for the blade installation angle of 32 • is weaker than the other two. In addition, the position of the pressure fluctuation point for the installation angle of 32 • is further downstream, which makes the flow separation mingle into the wake more quickly. Therefore, the flow condition in the flow path for the installation angle of 32 • is much better. It is apparent from Figure 7 that the flow loss of stator blade for the installation angle of 32 • is the least among the three installation angles. Figure 8 shows the static pressure distribution curves around the stator blade surface with different blade number when the blade installation angle is 32 • . It can be observed that for the stator with different blade number, there exists a favorable pressure gradient along the pressure side in common. However, the pressure difference at the tailing edge of the stator blade for blade number 18 is larger than that for the other two blade numbers, which means a higher blade loading for the stator blade with blade number 18. There is an obvious pressure fluctuation around the streamwise region 0.7-0.75 on the suction side for the stator blade with blade number 26. Thus, the flow would be over expanded, which leads to flow in adverse pressure gradient and flow separation. As shown in Figure 9 , due to the existence of shock wave, the flow loss of the stator blade with blade number 26 is larger than that with blade number 18 and 22. There is also a slight pressure fluctuation around the streamwise region 0.8~0.85 on the suction side for the stator blade with blade number 22, and the adverse pressure gradient is substantially zero. Thus, there is no shock wave existing at trailing edge of the stator blade. It can be seen from the Figure 9 that the flow loss of stator blade for blade number 22 is the least, and the organic working fluids flow efficiency in flow path of stator blade is the highest. 
High Temperature Working Fluid Toluene
The average outlet temperature of the stator blade reflects its expansion and acceleration capacity. The lower average outlet temperature of the stator blade is, the greater the enthalpy drop of the organic working fluid passing through the stator blade will be. Lower average outlet temperature means stronger capacity of converting the heat energy of working fluid into kinetic energy, which indicates the stator blade has excellent expansion and acceleration capacity. The average outlet velocity can also reflect the stator blade performance. It can be noted that the greater the average outlet velocity, the larger the velocity coefficient, which indicates the lower flow loss in the stator blade flow path. Figure 10 presents the variations of average outlet temperature and average outlet velocity with different blade installation angles for radial-inflow turbine stator blade with blade number 32. The average outlet temperature of the stator blade decreases first and then increases with the increment of the installation angle. As mentioned before, the absolute velocity angle at the rotor inlet is proportional to the stator blade installation angle. As the stator blade installation angle decreases, the absolute velocity angle at the rotor inlet decreases accordingly, while the stator velocity coefficient increases, then the stator loss coefficient decreases. Thus, the average outlet temperature of the stator blade decreases with decrement in blade installation angle in a certain range. With further decrement of the blade installation angle, the wake loss increases, which leads to the stator velocity coefficient decrease and the stator loss coefficient increase. Therefore, the average outlet temperature of the stator blade increases with decrement in blade installation angle when the stator blade installation angle is lower than a certain value. As it can be seen from Figure 10 , the average outlet velocity increases first and then decreases with the increment of the installation angle, which is just in an opposite way compared to the variation of average outlet temperature. The reason for the variation of the average outlet velocity is similar to that for the variation of average outlet temperature. When the blade installation angle is 28°, the average outlet temperature is the lowest, while the average 
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Geometric Parameters Comparison of the Stator Blade between Low and High Temperature
After the optimal blade installation angle and blade number are determined, other geometric parameters are also calculated, as listed in Table 3 . Due to the low critical temperature and inlet temperature for working fluid R245fa, the specific enthalpy drop in the stator blade is low according to the T-s plots ( Figure 13) . Therefore, the chord length, cascade inlet diameter, and cascade outside diameter of the stator blade are larger, while the blade number is lower. These characteristics are advantage to improve the working fluid mass flow rate and the working capacity of the radial-inflow turbine. The critical temperature and inlet temperature for working fluid toluene are much higher than that for R245fa. The specific enthalpy drop in the stator blade is larger according to the T-s plots ( Figure 13) . Thus, less chord length, cascade inlet diameter, and cascade outside diameter of the stator blade and more blade number are preferred. These characteristics are beneficial to increase average outlet velocity and reduce the flow loss, which makes the working fluid entering the rotor more 
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Conclusions
This work investigates the effects of the blade installation angle and blade number on the performance of radial-inflow turbine stator. R245fa and toluene were selected as working fluids in the low and high temperature range, respectively. 2D stator blades model for the two working fluids were established. The CFD simulation method was used to analyse the performance of the stator blade. The distribution of static pressure along the stator blade, flow loss, average outlet temperature, and average outlet velocity were calculated with different blade installation angle and blade number. For low temperature working fluid R245fa, when the installation angle is 32 • and blade number is 22, the distribution of static pressure has no obvious pressure fluctuation, and the flow loss is least. The stator blade obtained the optimal performance. For high temperature working fluid toluene, when the installation angle is 28 • and blade number is 32, the average outlet temperature is the lowest, while the average outlet velocity is the largest. And the flow state is well and smooth, and no remarkable flow separation and shock wave presents. Due to the low critical temperature and inlet temperature, R245fa has lower specific enthalpy drop in the stator blade compared to toluene. Thus, the stator blade for R245fa has a larger chord length, cascade inlet diameter, and cascade outside diameter but a lower blade number. 
